Zinc oxide is an interesting material for bio and chemical sensors. It is a semiconducting metal oxide with potential as an integrated multisensing sensor platform, which simultaneously detects parameters like change in field effect, mass and surface resistivity. In this investigation we have used resistive sensor measurements with respect to oxygen sensitivity in order to characterize sensing layers based on electrochemically produced ZnO nanoparticles and PE-MOCVD grown ZnO films. Proper annealing procedures were developed in order to get stable sensing properties and the oxygen sensitivity towards operation temperature was investigated. The ZnO nanoparticles showed a considerably increased response to oxygen as compared to the films. Preliminary investigations were also performed regarding the response to other gases present in car exhausts or flue gases.
Introduction
Chemical sensors with metal oxides as sensing material have been around for a long time as a low cost alternative for gas detection devices. However, they have, to some extent, suffered from limitations in sensitivity, selectivity and stability when compared to more expensive alternatives. Recent advances in nanotechnology and nanomaterials have fostered fabrication techniques that can be harnessed to increase the response and performance of these materials [1, 2] . This is because their performance is governed by the exposed surface area; the gas sensing mechanism being due to reactions that occur at the sensor surface. Fabrication methods, which increase the active surface area will thus have a considerable effect on the sensor performance.
Many recent reports have shown that by carefully controlling the nanostructure of metal oxide sensing layers greatly improved sensing properties can be achieved. Rella et al. showed that SnO 2 films yielded a better response to NO 2 and CO when the grain size was kept below 10 nm [3] . Yamazoe and Shimanoe have studied the role of shape and size of nanocrystals for the response to oxygen of semiconducting materials [4] . Growth of nanowires, nanorods and nanobelts has demonstrated that the high surface to volume ratio gave these nanostructures enhanced sensor qualities [2, 5] . The most common methods to produce sensing layers require thermal treatment of the film, which, unfortunately, causes grain growth and has a detrimental effect on the surface to volume ratio of the sensing layer [6] . Nanostructures, like nanorods or nanoparticles, that exhibit a high degree of crystallinity suffer less from this drawback and should enable production of sensor devices with good long-term stability [2, 7, 8] . A multitude of metal oxides can potentially be used for these types of sensors, including tin, indium, titanium and zinc oxides. The metal oxide surfaces of these materials also exhibit good long-term stability while operating under physiological conditions [9] . Other examples of well established sensor technologies, which recently have benefitted from nanotechnology implemented in sensing layers are field effect sensors [10] and quartz crystal microbalance, QCM, sensors [11] .
ZnO is an interesting material for bio and chemical sensors since it is a semiconductor with a band gap of 3.4 eV and has an oxygen containing surface. Field effect transistor (FET) devices based on silicon or silicon carbide require the growth of an oxide, such as silicon dioxide, to serve as gas sensors [12] . Gas sensing of e.g. reducing gases like hydrogen, ammonia and hydrocarbons on these Si-or SiC-FET devices involves dissociation of the molecules on a catalytic metal and adsorption of hydrogen on oxygen atoms on the silicon dioxide surface forming OH groups [13] . The OH groups are strong dipoles on the oxide surface of FET devices and are detected through the electric field induced in the insulator, which changes the electrical characteristics of the transistor. The most attractive properties of ZnO as a sensing material is its multisensing mechanisms for gases. It can be operated as a FET gas sensor, a resonator because of its piezoelectric properties and as resistivity sensor. Furthermore, we have previously taken advantage of the oxygen atoms present in the surface of the ZnO when we performed successful functionalization of the ZnO with biomolecules as a step towards a multifunctional transducer for biosensor devices [14, 15] .
In view of this, we report here a study of the oxygen sensing capabilities of different types of ZnO layers with the main focus being to investigate the influence of surface morphology on the gas sensing capabilities. The purpose of this study is not to fabricate an oxygen sensor, but rather to use the oxygen sensing capabilities of different sensing layers as a means to evaluate their sensing characteristics and to further add to the understanding of these materials.
Comparison of the gas sensing properties have been performed for different size and shape of nanstructures, as described earlier in this section [2] [3] [4] [5] . Here we compare the gas sensing behaviour of films and nanoparticles, which we think are of fundamental intereset. The gas sensing capabilities of polycrystalline ZnO thin films have thus been compared to those of layers comprising electrochemically produced ZnO nanoparticles with a high degree of crystallinity. The high crystallinity of the nanoparticles should allow for devices with good long term stability. These films were deposited on top of SiC/SiO 2 structures. Changes in resistance, in response to variations in gas concentration, have been measured in order to characterize the materials by their optimal operating temperature, sensitivity, stability and reversibility of the response.
Experimental

Samples
Figure 1 a and b shows a schematic illustration of the two types of structures that have been investigated in this study. Both types of sensors consisted of a ZnO layer deposited on top of a SiC/SiO 2 structure. The purpose of the SiO 2 layer was to make sure that any change in resistance detected between the contacts originates from resistance variations in the film being studied, and not the underlying SiC. The only difference between the two structures was that for the films the contacts are added on top of the ZnO layer, while for the nanoparticles the contacts are deposited directly on top of the SiO 2 layer. The contacts for measuring resistance, were made by either thermal evaporation or sputtering of a bilayer of Ti/ Pt or Au (10/ 300 nm) through a shadow mask. Prior to deposition, the surface was cleaned and sonicated in acetone for 10 min, followed by 10 min of UV/ozone treatment to remove organic contaminants. Contact distances ranging from 200 μm -2 mm have been studied. The ((c) Fig. 1 SiC/SiO 2 structures were manufactured by thermal oxidation of 4H-SiC, which yielded 30 nm of SiO 2 . This was followed by deposition of an LPCVD nitride layer, which is subsequently reoxidized, resulting in a top SiO 2 layer of about 50 nm, and a total insulator thickness of about 80 nm.
ZnO thin film fabrication
The ZnO films were prepared by the PEMOCVD (plasma enhanced metalorganic chemical vapour deposition) technique on SiC/SiO 2 substrates. PEMOCVD has been previously suggested as one of the most suitable techniques for low-temperature, high-quality deposition of ZnO thin films using low cost and non-toxic metalorganic precursors, here acetylacetonate (Zn(Acac) 2 ). For more details, please see [16, 17] . Before deposition, the substrates were cleaned in acetone (10 min) and ethanol (10 min), then rinsed in deionized water and blowdried with nitrogen. Recently we have investigated the structural, morphological, electrical and optical properties of pure ZnO films deposited over a wide temperature range on different substrates [18] . Scanning electron microscopy (SEM) was used to reveal the uniformity of the films and quality of the film/substrate interface (Leo 1550 Gemini SEM). The surface morphology was examined by atomic force microscopy (AFM -Veeco Digital Instruments Nanoscope 3100) in tapping mode. For the films in this study the substrate temperature was T sub = 350ºС, which promotes the columnar growth of the polycrystalline film with a characteristic grain size of ≈ 35 ± 15 nm, and a surface root means square roughness R q = 1.5 ± 0.5 nm [19] . The total layer thickness was ≈ 250 ± 30 nm.
Nanoparticle synthesis -EDOC
Electrochemical deposition under oxidising conditions, EDOC, is an efficient method for the synthesis of nanocrystalline metal oxide particles. When properly controlled, it yields welldefined synthesis products with narrow particle size distributions and a high degree of crystallinity [20] . In the case of ZnO particles the anode in the electrochemical cell, from which the oxide particles are to be formed, is made of zinc. An organic solvent, 2-propanol (Scharlau. Chemie S.A), together with a quaternary ammonium salt, TBAB (tetrabutylammonium bromide, Fluka) are used as electrolyte. The ammonium salt acts both as a medium for current transport and as capping molecules for the nanoparticles formed. The metal ions migrated to the inert stainless steel cathode, where reduction and formation of metal particles occur. To render the particles soluble in a non-polar solvent 1.25 ml of oleic acid (KEBO AB) was added as a capping agent. Bubbling air into the solution causes immediate oxidation of the particles. The particle size could be controlled by the current density at the cathode. Lower currents yield larger particles and vice versa. Here the current density at the cathode was kept at 1.5 mA/cm 2 . More details can be found in Ref. [10] .
The product solution containing the nanoparticles was drop deposited onto the SiC/SiO 2 devices by means of a 0.5 μl micropipette in order to produce sensing layers of nanoparticles.
The volumes applied were 0.5 -2 μl. The devices were subsequently heated as described in section 4.1.2. in order to remove the organic capping material.
The size and crystallinity of the nanoparticles were studied by both x-ray powder diffraction (Philips APD powder diffractometer, CuK radiation) and transmission electron microscopy (FEI Tecnai G2 operated at 200 kV). The effects of the annealing procedure were characterized by thermogravimetric analysis.
Sensor mounting
The sensor structure was glued onto a ceramic heater together with a temperature sensor for temperature control. The contacts of the heater and the temperature sensor were welded to the pins of a 16 pin header. Electric contacts were made from the sensor to the pins with gold wire bonding. A mounted sensor device is shown in Fig. 1 (c) . During measurements the sensor was enclosed in an aluminum flow cell, having a 1 cm 3 headspace over the sensors, through which the gas was carried across the sensor surface. During the measurements the flow cell was connected to a box with all the necessary electronics for measuring resistance as well as measuring and controlling the temperature of the sensor devices.
Gas sensitivity measurements
Gas sensing measurements were conducted under laboratory conditions, using an in-house gas mixing system that comprised mass flow controllers (Bronkhurst High-tech B.V Netherlands, model F-201C-RA-11-V 100 and 20 ml/min). Sensing characteristics in terms of sensor signal, response and sensitivity [21] were studied through the detection of oxygen concentrations ranging from 1 to 100% oxygen in a background of nitrogen, maintaining close to atmospheric pressure and a constant total flow of 100 ml / min. The temperature of the films was varied from 150 to 550°C. The resistance was measured using a Keithley 2000 multimeter configured in the two wire mode.
The response is defined as
Where R g is the resistance under test gas exposure and 2 N R is the resistance in the nitrogen carrier gas in the absence of test gas.
The sensors were exposed to O 2 pulses to test the sensitivity of different sensing layers. Two types of O 2 test procedures were performed, one for 'low' and one for 'high' concentrations.
The low concentration test procedure was as follows: the O 2 concentration was varied in two ways, 1, 2, 3, 4, 5, and 8 % O 2 in N 2 , each pulse lasted for 5 minutes and pulses were separated in time by 60 minutes in the carrier gas, or steps of 1 % from 1 to 10 and then back to 1 % again, in 5 minute pulses with 10 minutes between pulses. For high concentrations the procedure was exactly the same except that the O 2 percentage was increased by a factor of 10.
The sensing layers yielding the best response to O 2 were also preliminary tested for response to 250 ppm of NH 3 , C 3 H 6 , H 2 , CO and NO. These measurements were performed in a background of 21% O 2 in N 2 (to simulate normal air conditions) with test pulses lasting for 5 minutes and with 60 minutes between each pulse.
The total flow rate was always kept at 100 ml/min.
Principle of operation and annealing procedures
Sensing mechanism
The electrical resistance of a metal oxide semiconductor changes in the presence of various gases. ZnO is a wide band gap semiconductor with excess metal ions, or oxygen vacancies that serve as electron donors (n-type). When ambient oxygen molecules adsorb on the ZnO surface they act as acceptors and ionize by taking up one or two electrons from the conduction band and thus ionosorb as O -/ O 2-. This causes an electron depletion region to form in the material which increases the materials resistance [6, 22, 23] .
In the presence of a reducing gas this process is reversed. The reducing gas reacts with the ionosorbed oxygen, releasing one or two electrons back into the conduction band and thus decreasing the resistance of the material.
Sensor operation
Two processes are assumed to take place when ZnO is subjected to oxygen at elevated temperatures. One is diffusion into the bulk of the material and absorption at vacancy sites.
Drift in the baseline, defined as the sensor signal in nitrogen, can be assigned to this process.
The second process is adsorption on the surface of the material (which is responsible for the sensor response). Figure 2 shows the sensor signal, that is, the resistance variation versus time of an unannealed film of polycrystalline ZnO during exposure to oxygen pulses from 1 to 10% at 500°C. In the beginning the resistance showed a rather high initial value which directly fell to a low value and then stayed below 1 MΩ. However, after about 200 minutes the sensor began to respond significantly to oxygen. A new baseline was subsequently reached at ≈ 3 MΩ. A possible explanation is that deep energy level sites, most likely bulk oxygen vacancies, were filled.
Oxygen diffused into the bulk of the material in a non-reversible process and the diffusion depth was determined by the temperature. Once these deep energy level sites were filled, oxygen started to interact with the shallow energy level surface sites and thus the process was reversible after 200 min, as seen in Fig. 2 . The behavior in Fig. 2 was not observed for the ZnO nanoparticles, probably because they had to be annealed at > 500C before operation in order to remove the organic capping molecules. Depending on the material, the resistivity is determined by the barrier height at the grain boundaries for polycrystalline material or by the carrier concentration for single crystalline material. In both cases, a reduction of free charge carriers (through reduction of the O vacancies) will lead to an increase of the resistivity. In the sensor configuration used here we measure only surface resistivity. At a certain point of oxygen exposure the bulk absorption saturates and any change in resistance is now due only to surface adsorption, which is readily reversible as described above. When this point is reached the device can be operated as a gas sensor.
Investigation of annealing procedures
The resistance as a function of temperature showed different behavior during the initial measurements (oxygen pulses as described in 2.5) depending on the type of film and the annealing temperatures (in air) they had seen. The polycrystalline films behaved as a typical semiconductor; increasing the temperature reduced the resistance, and the reduction begins to saturate as the temperature got sufficiently high. Grain growth at elevated temperature caused some hysteresis effect when going back down in temperature.
For the particles, annealing at temperatures  520C was necessary. When testing particles initially annealed at < 500°C at temperatures above 500°C, the first oxygen pulse larger than ≈ 10% caused a dramatic, sudden, irreversible and for the gas sensing properties detrimental reduction of the resistance. This could be due to charring of organic material remaining after insufficient annealing. Particles annealed at  520C did not exhibit this reaction. Their R(T) behaviour still differed from that of the polycrystalline films when going back down in temperature. For the films the resistance was permanently increased, whereas for the high temperature annealed particles it was permanently reduced. To better understand the difference between nanoparticles annealed at different temperatures, thermogravimetric analysis was performed.
Results
Characterization of sensing layers
1.1 Thermogravimetric analysis
To obtain films of ZnO nanoparticles the organic material (oleic acid) added in the synthesis has to be removed by an appropriate heat treatment. Furthermore, in order to minimize the particle agglomeration induced by annealing, the temperature should not be too high. Figure 3 shows thermogravimetric analysis curves for samples heated from room temperature up to 600°C, with a temperature increase rate of 20°C/min. These samples were prepared through The TGA curves show that there were several different processes contributing to the complete dissipation of the organic material. The first process appears to start at ≈ 120°C, and the fact that it was present in both curves hints towards it being pyrolysis. It was probably due to the destruction of the ester bond between the oleic acid surface OH groups, resulting in a release of CO 2 (this has not been confirmed). A second process apparent between 250°C and 500°C was likely due to the decomposition of hydrocarbons in the oleic acid. Both curves indicate that the oleic acid was completely removed at about 500°C. This may explain the behavior described in section 3.3 for the nanoparticle material. The oleic acid had not been completely removed, and so exposure to oxygen at temperatures above 500°C caused the remaining organic material to char instead of decomposing as it would during the slow increase of the temperature during annealing.
Initially the films were only annealed up to 500°C. However, sensors fitted with such layers did not work well, for the reason discussed above. When the annealing temperature was raised to 520 or 550°C the sensing capabilities increased significantly, indicating that 520°C was enough to remove all of the oleic acid. Interestingly, the films annealed at 550°C were significantly less sensitive than those annealed at 520°C. The inferior sensitivity of the former could be due to agglomeration of the particles, reducing the surface to volume ratio, which in turn reduces the sensitivity. SEM studies, as reported in section 4.1.1, confirmed the agglomeration. A further possibility is that the change in resistivity was partly due to a phase transition of ZnO taking place in certain temperature regions but no such transition was observed in XRD studies.
Based on these findings in sections 3.2 -4, annealing of both nanoparticle and polycrystalline film based devices, in this study was performed in air up to 520°C. The heating schedule was a heating rate of 2°/ min with 1 h holding periods at 350, 450 and 520°C.
SEM, TEM and AFM imaging.
As seen in the TEM image in Fig. 4 (a) , the as-synthesized nanoparticles were about 5 nm in diameter. This is in agreement with what has been previously reported [25, 26] . SEM images of samples annealed at 450C, see 
X-ray diffraction spectroscopy.
Fig. 4 (a). Plan view TEM image of as produced ZnO nanoparticles (dark areas represent particles) and SEM images of nanoparticles (light areas) annealed up to (b) 450°C and (c) 550°C.
(a) (b) Fig. 5 
Gas response
Nanoparticles
Eleven sensors with sensing layers of nanoparticles were tested. Variations in film thickness (actual thickness was not measured, but three different solution volumes, 0.5, 1.0 and 2.0 µl, were applied) and inter-electrode (contact) distance (200-2000 μm) did not appear to affect the sensitivity. However, a smaller contact distance was found preferable since the resistance for sensors with a larger contact separation was too high to be measured at temperatures lower than ≈ 400°C. The nanoparticle samples that had been annealed at sufficiently high temperatures (520C, procedure described in section 3.4) showed a reversible response to oxygen over the range of 1-80% at temperatures ranging from 250-to 550°C. Overall, the nanoparticle samples were considerably more stable than the samples based on films. After some initial drift they usually levelled out and maintained a stable baseline. Fig. 7 shows the signal of a very stable sensor. ) for a sensor with nanoparticles at five different temperatures between 250 and 550°C. From 250°C up to 500°C the response steadily increased, while above this temperature (550°C) it rapidly and irreversibly decreased.
Agglomeration of the ZnO nanoparticles at 550C was most likely the reason for the decrease in oxygen sensitivity at this temperature, as discussed in 3.3 and studied in 4.1. 
Polycrystalline films
The polycrystalline films exhibited an overall lower response than the particles. They were also less stable, with a drifting and often rather noisy baseline. The baseline drift sometimes fluctuated and for some samples did not reach a stable value. At 500°C the polycrystalline films needed ≈ 12 hours to reach a stable baseline, which may have been shorter for a higher annealing temperature. Another problem encountered with the films was that exposure to high oxygen concentrations seemed to reduce the sensitivity in subsequent measurements at lower concentrations. Fig. 10 shows the signal of a sensor with a polycrystalline film operated at 450°C, after initial annealing at 550C during exposure to oxygen concentrations from 1-80%. Compared to a similar test for a sensing layer of particles shown in Fig. 7 , the baseline was significantly noisier, exhibited a bit more drift and the response was lower. 
Oxygen sensitivity
Illustrated in Fig. 11 (a) and (b) is a comparison of the O 2 response, R g / R N2 , versus oxygen partial pressure in oxygen / nitrogen gas mixtures (total pressure  1 atm) of films versus particles at 450 and 500°C, for the samples that gave the highest response in their respective category. Both the response and the sensitivity, of which the latter is the slope of the response versus oxygen concentration curve [21] was significantly higher for the nanoparticles as compared to the devices based on ZnO films. The marked data points in Fig. 11 
Assuming the measured signal is proportional to , the fractional coverage of the surface sites available for oxygen adsorption, i.e.
 
N2
g / R R with 0    1, the Langmuir isotherm can be expressed as
In Eq. (3)  is a scale constant representing the (theoretical) maximum value for the response,
i.e. for a saturated system for which  1. The constant K is the ratio between the rate constants for oxygen adsorption, k a , and desorption,
, respectively, and p is the oxygen partial pressure. The least squares values obtained for  and K for the ZnO film and nanoparticles at 450ºC and 500ºC are given in Table 1 . As seen in Figs. 11 (a) and (b) and in Table 1 , the measured response versus pressure was higher at 500ºC than at 450ºC, corresponding to higher  values for both film and particles at the former temperature. Also, the  values were considerably larger for the particles than those for the film at both temperatures. (Note in Fig. 11 (b) that at 500ºC the response was measured only up to P = 0.08 atm.) In addition, while for the film the rate constant for adsorption was larger than that for desorption (K > 1), the opposite is true for the particles (K < 1). It is possible that states of lower energy are available in the surface region of the films, while these are not present in the nanoparticles, since the stoichiometry probably is closer to ideal. States of lower energy will result in faster adsorption as long as the diffusion is not a limiting factor, but also in longer desorption times. It would of course be interesting to test also single crystalline ZnO films where a lower sensitivity may for example be compensated by better long term stability during high temperature operation.
Response to other gases
The response of a sensor device with ZnO nanoparticles to standard gas molecules like CO, for oxygen and other gaseous species. It is likely that the reducing gases interact with adsorbed oxygen on the sensor surface [27] . Reducing gas molecules, which react with adsorbed oxygen ions will become oxidized, while the oxygen ion gives back electrons to the ZnO surface and the resistivity of the sensor material will decrease, as seen in Fig. 12 . An exception here was the response to NH 3 in Fig. 12 , where the sensor did not return to the base line in between the exposures. This also seemed to affect to some extent the response to the following NO pulses. In order to get a total picture of the response pattern of the ZnO nanoparticle sensor this investigation should be performed for different concentrations and at different temperatures, and it is especially interesting to study if the other gases also give a Langmuir response. Furthermore, e.g. DRIFT (Diffuse Reflectance Transform Infrared) spectroscopy should be used in order to reveal the adsorbed species on the sensor surface during gas exposure at different temperatures [13, 28] . However, the main interest in this paper was the comparison between sensors based on ZnO nanoparticles and films. Since the nanoparticles have shown to be the superior sensor material of the two, these preliminary investigations of the response to other gases were performed with nanoparticles as the sensing layer, In future studies a comparison of the gas response between sensors with nanoparticles of different size would be interesting in order to further elucidate the particle size effect.
Preliminary results have shown that doping by e.g. Ga yield ZnO sensing layers interesting to study regarding gas sensitivity to e.g NO 2 [29] . In the future we will also produce devices for field effect measurements on ZnO with multifunctional sensor devices as the goal. 
Conclusions
Differently structured ZnO materials were characterized with respect to their interesting multiparameter sensing properties. The resistance change to oxygen in nitrogen was used to compare the sensing behavior of ZnO nanoparticles and ZnO films. We have shown that it was possible to use ZnO nanoparticles as sensing layers for chemical gas sensors, and that they exhibited higher sensitivity and stability than sensing layers of polycrystalline ZnO films.
The higher sensitivity was ascribed to a larger surface to volume ratio, and the higher stability to the generally more stable single crystalline nanoparticles. The ZnO films tested here showed a columnar polycrystalline structure. Single crystalline films may have different properties. Annealing procedures for optimal stability and sensitivity were studied and established. The ZnO nanoparticles showed a reversible response to oxygen over a range of 1-80%, at temperatures ranging from 250 to 550°C. The optimal operating temperature, in terms of oxygen response, was found to be 500°C. The ZnO nanoparticles were also preliminary tested for reducing gases and found to be sensitive for NO, CO, propene and NH 3 , with the latter three exhibiting responses in the opposite direction as compared to oxygen. Her research group works on development, sensing mechanism and applications of silicon carbide based field effect high temperature sensors. She is also involved in the development of resonator sensors. The applications are performed in projects together with industry (Volvo Technological Development, Volvo Cars, Ford Innovation Center, Norstel, SKF-ERC, ZnOrdic). She is also involved in the start up of a spin off company, SenSiC AB, for commercialisation of silicon carbide based field effect gas sensors. Anita Lloyd Spetz has published more than 130 papers in scientific journals and referenced conference proceedings, 9 book chapters and she has 5 patents.
